HeLa cell heterogeneous nuclear RNA derived from high-molecular-weight nuclear ribonucleoprotein (RNP) particles contains oligo(U) sequences of 15-50 nucleotides base-paired with poly(A). These duplexes are resistant to pancreatic RNase at 0.5 M NaCI in native RNP, remain so after chemical deproteinization of the RNP digests, and then copurify with poly(A)on oligo(dT)cellulose chromatography. (1, 2) . We have shown that poly(A)-rich sequences in HeLa cell hnRNA and polyribosomal mRNA are complexed with specific proteins (3, 4), and we have also found that a protein of similar molecular weight (74,000) is bound to poly(A) sequences in hnRNA of the cellular slime mold, Dietyostelium discoideum (5). However, our results (3-5) indicated that the poly(A) tracts were not protein-covered in their entirety. We therefore predicted that these proteins must be bound to nonpoly(A) sequences covalently or hydrogen-bonded to poly(A). In this paper-we show that oligo(U) sequences 15-50 nucleotides in length are base-paired with poly(A) in HeLa hnRNA. Our controls demonstrate that these oligo(U)-poly(A) duplexes are not generated during their isolation, but are an aspect of hnRNA structure in its native RNP form. Additional results raise the possibility that these A-U duplex regions are associated with proteins in hnRNA-RNP particles, and that these proteins staAbbreviations: RNP, ribonucleoprotein; hnRNA, heterogeneous nuclear RNA; TEN, 10 mM Tris-HCI, pH 7.5/10 mM Na2EDTA/0.5 M NaCl. * This is the sixth paper in a series entitled "Ribonucleoprotein organization of eukaryotic RNA." The preceding paper in this series is ref. bilize the oligo(U)-poly(A) duplexes at physiological ionic strength.
duplexed oligo(U) in RNP (resistant) and RNA (sensitive), measured at physiological ionic strength. To elucidate the structure of eukaryotic primary transcripts at the ribonucleoprotein (RNP) level of organization, we have begun to map specific proteins to defined sequence elements in RNP particles containing heterogeneous nuclear RNA (hnRNA) (1, 2) . We have shown that poly(A)-rich sequences in HeLa cell hnRNA and polyribosomal mRNA are complexed with specific proteins (3, 4) , and we have also found that a protein of similar molecular weight (74,000) is bound to poly(A) sequences in hnRNA of the cellular slime mold, Dietyostelium discoideum (5) . However, our results (3) (4) (5) indicated that the poly(A) tracts were not protein-covered in their entirety. We therefore predicted that these proteins must be bound to nonpoly(A) sequences covalently or hydrogen-bonded to poly(A). In this paper-we show that oligo(U) sequences 15-50 nucleotides in length are base-paired with poly(A) in HeLa hnRNA. Our controls demonstrate that these oligo(U)-poly(A) duplexes are not generated during their isolation, but are an aspect of hnRNA structure in its native RNP form. Additional results raise the possibility that these A-U duplex regions are associated with proteins in hnRNA-RNP particles, and that these proteins staAbbreviations: RNP, ribonucleoprotein; hnRNA, heterogeneous nuclear RNA; TEN, 10 mM Tris-HCI, pH 7.5/10 mM Na2EDTA/0.5 M NaCl. * This is the sixth paper in a series entitled "Ribonucleoprotein organization of eukaryotic RNA." The preceding paper in this series is ref. 4 bilize the oligo(U)-poly(A) duplexes at physiological ionic strength.
MATERIALS AND METHODS The methods for growth and isotopic labeling of HeLa cells, isolation of hnRNP particles, RNase digestion of hnRNP, oligo(dT)-cellulose chromatography, base compositional analysis, and formamide/polyacrylamide gel electrophoresis have all been described in detail (6) . Specific experimental conditions are given in the table and figure legends.
RESULTS

Isolation of Uridylate-Rich Sequences Bound to Poly(A).
The point of departure for the present investigation was our observation that "poly(A)"-protein complexes isolated from HeLa cell hnRNP or mRNP particles contained a substantial fraction of UMP residues (18-24 mole %) (3, 4) . The resistance of this UMP-rich material to pancreatic RNase could be explained either by complementary base-pairing with poly(A) or, alternatively, by a covalent linkage to poly(A) in combination with protection of the UMP-rich sequences against pancteatic RNase by proteins. Our present results support the first of these alternative explanations and also suggest that these base-paired A-U sequences are likely to be binding sites for proteins.
hnRNP particles were isolated from HeLa cells pulse-labeled In the absence of proteins, there are two possible sources of pancreatic RNase-resistant [3H]uridine-labeled hnRNA: double-stranded sequences containing all four nucleotides and oligo(U) sequences base-paired with poly(A). To distinguish between these two possibilities, we chromatographed the [3H]uridine-labeled sequences resistant to the second RNase digestion (Table 1) on oligo(dT)-cellulose in 0.5 M NaCl (Fig.  1A) . 97% of the RNase-resistant RNA did not bind and was subsequently found to be double-stranded RNA [>93% resistant (8, 9) . Approximately 1.4% of the loaded [3H]uridine-labeled RNA bound to the column (Fig. 1A , pool 3) and was eluted by lowionic-strength buffer (10 mM Tris-HCl, pH 7.5/10 mM Na2EDTA), a condition that also elutes poly(A). When this [3H]uridine-labeled material was made 0.5 M in NaCl and rechromatographed on a second oligo(dT)-cellulose column, 65% of the RNA bound and was eluted by low-ionic-strength buffer (Fig. 1B) . In a third cycle of oligo(dT)-cellulose chromatography, this material chromatographed true (data not shown). Recoveries of acid-precipitable radioactivity from all columns in the cycle were >95%. To explore the possibility that this
[3H]uridine-labeled, pancreatic RNase-resistant RNA was binding nonspecifically to oligo(dT) or to the cellulose matrix, we incubated a sample with unlabeled poly(U) prior to oligo(dT)-cellulose chromatography. This resulted in a shift of 95% of the material that normally binds to the nonbound fraction ( Fig. 1C) , suggesting that its chromatographic behavior in the absence of exogenous poly(U) was due to an association with poly(A) sequences. To obtain further information on this point, we repeated these chromatographic analyses with [3H]adenosine-labeled material. As shown in excess poly(U) abolished its capacity to bind to oligo(dT)-cellulose (Fig. 1C) . (Fig. 1) was covalently linked or hydrogen-bonded to the poly(A). Fig. 2 Table 1 ). The RNase-resistant RNA in the second digest was fractionated on oligo(dT)-cellulose as described in Fig. 1 and the bound RNA was eluted with low-ionic-strength buffer (Fig. 1A, Independent measurements revealed that this oligo(dT) concentration represents a 100-fold mass excess over the endogenous nuclear poly(A) content, and is sufficient to titrate virtually instantaneously all protein-free poly(A) at this ionic strength and temperature (4°). After hnRNP isolation in the presence of oligo(dT), the particles were dialyzed against 0.5 M NaCl buffer as usual except that a 30-fold mass excess of oligo(dT) was again added at the beginning of dialysis. This was done as a precaution against the possibility that additional poly(A) sequences become available due to their possible release of proteins at 0.5 M NaCI. 1.490 g/cm3. As shown in Fig. 3A , the [3H]uridine-labeled, RNase-resistant material from hnRNP isolated and dialyzed in the presence of excess oligo(dT) was resolved into a large peak at 1.610 g/cm3 (double-stranded RNA) and a smaller but prominent and reproducible peak at 1.490 g/cm3, which is the density of rA-dT2 (Fig. 3C) . (Fig. 3B) . Based upon the density calibration standard of synthetic [3H]oligo(U)2s poly(A)2oo (p = 1.605 g/cm3, see above), it is obvious that the endogenous A-U duplexes would not be resolved from double-stranded RNA by Cs2SO4 gradient centrifugation of the usual RNase-resistant fraction prepared without excess oligo(dT). These results demonstrate that oligo(U)-poly(A) duplexes can be isolated in normal yield from hnRNP isolated and dialyzed with excess oligo(dT), a situation where poly(A) sequences are likely to be unavailable for intra-or intermolecular reassociation with endogenous single-stranded oligo(U). This strongly suggests that the A-U duplexes exist in native hnRNP. Table 3 (line A), this value is set as a yield of 100%. If the digestion of hnRNP is done in 0.15 M NaCl, followed by the second digestion of RNA in 0.5 M NaCl, the duplexes are recovered at 75% of the normal yield (Table 3 , line B). In contrast to these results, digestion of both the hnRNP and the deproteinized RNase-resistant RNA in 0.15 M NaCl (line C) reduces the yield of oligo(U)-poly(A) duplexes to a negligible level (<0.001% of the [3H]uridine in native particles). These results provide further evidence that the oligo(U).poly(A) duplexes exist in native hnRNP and raise the possibility that proteins are specifically associated with these base-paired A-U regions, apparently leading to a stabilization against pancreatic RNase at physiological ionic strength. DISCUSSION Poly(A) sequences in HeLa cell hnRNA and polysomal mRNA, as well as Dictyostelium hnRNA, contain a tightly-bound, 74,000 molecular-weight protein (3) (4) (5) . However, this protein appears to be associated with only short segments of the poly(A), since the polyadenylylated fraction of intact hnRNP can be bound to oligo(dT)-cellulose or poly(U)-Sepharose, as can the poly(A)-rich protein complexes obtained by RNase digestion of hnRNP or mRNP (3) (4) (5) . This suggests that the poly(A)-associated 74,000 molecular-weight protein is not actually poly(A)-specific since, if it were, one would expect the poly(A) to be completely covered. Moreover, our previous data (3, 4) indicate that, on average, only one molecule of the 74,000 molecular-weight protein is associated with each poly(A) tract. Even if the 74,000 molecular-weight protein were a highly elongated, fibrillar polypeptide, one molecule could not cover 140 nucleotides of poly(A). In addition, we have noted that both the nuclear hnRNP and polyribosomal mRNP-derived poly(A).protein complexes (3, 4) contain a significant fraction of UMP (18 and 24 mole %, respectively). These uridylate-rich sequences resist digestion by the pyrimidine-selective nuclease RNase A and also bind to poly(U)-Sepharose. In order to explain the apparent paradox of protein-free poly(A) regions, as well as the presence of this UMP-rich RNA, we predicted that the uridylate-containing sequences are the binding sites for poly(A)-associated proteins and that their copurification with poly(A) is due either to a covalent or hydrogen-bonded linkage. Our present results strongly support this hypothesis. We find that oligo(U)-rich sequences of 15-50 nucleotides are basepaired with hnRNA-derived poly(A) in a pancreatic RNaseresistant form that can be purified by oligo(dT)-cellulose chromatography. The size of these oligo(U) tracts is similar to that of U-rich sequences previously identified in total (deproteinized) HeLa hnRNA under conditions where a base-paired configuration with poly(A) would not have been preserved (12, 19) . Our results also suggest, but do not conclusively demonstrate, that proteins are associated with these oligo(U)-poly(A) duplex regions in hnRNP. Finally, our data provide a possible explanation for the absence of these base-paired oligo(U) sequences from conventional preparations of nuclear poly(A). Each of the small number of published base compositions for hnRNA-derived poly(A) (15) (16) (17) (18) These experiments identify the existence, but not the function, of oligo(U) sequences base-paired with poly(A) in HeLa cell hnRNA. Our controls establish that these A-U duplexes are an aspect of native hnRNP structure, as opposed to resulting from intra-or intermolecular reassociation during isolation. We have thus demonstrated secondary structure in hnRNA that can be reasonably thought to exist in vivo. Initial experiments indicate the presence of similar oligo(U)-poly(A) duplexes in polysomal mRNA. The functions of these duplex regions and their associated proteins in the life history of eukaryotic hnRNA and mRNA remains to be elucidated.
